At the end of 2009, countries in the Eurozone began to experience a sudden divergence of bond yields as the perceived prospect of sovereign default risk increased. This paper examines the potential spillovers between the liquidity of the sovereign credit default swap (CDS) market and the liquidity of the sovereign bond market for a group of Eurozone countries. Empirically, we consider the differential spread on various Eurozone members sovereign bonds over the equivalent German benchmark. Using a unique dataset, constructed from the tick by tick transaction history from the 5-10 year maturity of the sovereign bond and CDS markets, we find that for countries such as Portugal, Spain and Ireland, the CDS market reveals a growing influence on bond yields post 2009. We provide substantial evidence that Greek sovereign CDS spreads and debt spreads do not exhibit the same time varying correlative patterns. Furthermore, we suggest that CDS spreads and bond credit spreads for Greek debt have correctly priced the default risk and that the trend patterns observed have not been substantially affected by changes in the liquidity profiles of either market. On a general note, we show that the bond yield liquidity spreads have increased substantially over the 2007-2010 period whilst CDS liquidity spreads have fallen dramatically. For some countries, such as Portugal, liquidity risk plays an important role in the sovereign bond market.
Introduction
In early 2010, fears of a sovereign debt crisis, the 2010 euro crisis (also known as the Aegean Contagion) developed concerning some European nations, including European Union (EU) members Greece, Spain, and Portugal. This led to a crisis of confidence as well as the widening of bond yield spreads and risk insurance on CDS between these countries and other EU members, most importantly Germany.
Concern about rising government deficits and debt levels across the globe together with a wave of downgrading of European government debt has created alarm in financial markets. The euro crisis has been mostly centred on recent events in Greece, where there is concern about the rising cost of financing government debt. On May 2, 2010, the Eurozone countries and the International Monetary Fund (IMF) agreed to a 110 billion euro loan for Greece, conditional on the implementation of a package of severe austerity measures. On 9 May 2010, Europe's Finance Ministers approved the creation of the European Financial Stability Facility (EFSF) aimed at preserving financial stability in Europe by providing financial assistance to eurozone states in economic difficulty. The objective of the EFSF is to collect funds and provide loans in conjunction with the IMF to cover the financing needs of euro area Member States in difficulty, subject to strict policy conditionality. Euro area Member States will provide guarantees for EFSF issuance up to a total of 440 billion euro on a pro rata basis.
During the crisis, several commentators expressed concern that the manipulation of the CDS market by speculative investors was playing a significant role in exacerbating the liquidity dry up in the market for Greek, Irish, Portuguese and Spanish sovereign debt. In particular,'naked' CDS positions were blamed for driving bond yields on Greek, Irish, Spanish and Portuguese debt higher during the first half of 2010. In this context, Greece was adjudged to be a victim of short-term speculative short selling practices on its sovereign debt and naked shorting in the CDS market.
In this paper, we investigate the potential spillover effects between the liquidity in the sovereign bond market (hereinafter, referred to as the bond market) and the sovereign credit default swap (CDS) market during the 2010 European sovereign debt crisis. We focus primarily on the time varying relationship between the concurrent daily liquidity of the bond and CDS market and the resultant observed bond yields and CDS premia for a selected group of Eurozone countries relative to German bonds and sovereign CDS, which we use as a benchmark. We estimate a time varying vector autoregression (VAR) model to observe the change in the dynamics of the 'price' discovery mechanism over the period January 1, 2007 to August 12, 2010 .
Overall, we document that, during the pre-crisis period, the spreads on bond yields over the benchmark determined CDS spreads.
In Table ? ?, we present some of the background statistics that underlie the sovereign debt crisis. In columns two to seven we outline six country's macroeconomic measures: GDP growth, unemployment, consumer price inflation, house price inflation, current account and trade balance. In columns seven to thirteen we compute these as a simple percentage difference from the equivalent German data. The important information here is the decoupling of various parts of the Eurozone area in economic terms during the crisis. For our analysis, we concentrate on midmaturing sovereign bonds and corresponding CDS with maturities of between five and ten years. These are considered in fact to be benchmark bonds with generally the highest levels of liquidity.
Our analysis is primarily a bivariate time series investigation of the price formation mechanism driving bond yields and CDS spreads. For this purpose, we propose and implement a Time Varying Vector Autoregression (TV-VAR) for the evolution of the risk premia information prescribed by the bond and CDS markets. We also use the liquidity spreads (the log bid-ask ratio of the bid and ask yields and spreads) of the aforementioned markets as contemporaneous exogenous variables in the regression.
The data is collected from tick data of quotes and transactions from the sovereign debt market and a combination of tick and closing day data for the CDS markets to compute average daily logarithmic bid-ask spreads and use these as proxies for liquidity 1 .
For each day, we also compute the log ratio of their CDS spreads over the German CDS spreads.
Therefore, our analysis attempts to capture the liquidity and risk premia of the bond market and the liquidity and spreads in the CDS market. We then estimate a time varying coefficients vector error correction model with exogenous drivers (TV-VARX) to analyse the changing transmission structure between the sovereign bond and the sovereign CDS market.
Our main empirical findings are as follows. First, we find that whilst the liquidity of the sovereign debt market dries up over the crisis period, the liquidity of the CDS market increases dramatically with spread bids and spreads asked (offered) approaching a one to one ratio. Second, the time varying betas and robust estimation suggest that for Ireland and the 'club med' countries, such as Spain, Greece and Portugal, the transmission effect from the CDS market to the bond spreads is large and significant. Interestingly, the drop in the spread bid to spread asked (offered) ratio for the CDS market suggests that this is attributable to a change in the yield discovery mechanism during the crisis rather than a liquidity dry up in the CDS market. Third, recursive lagged analysis suggests that prior to the crisis the spread of the bond yields over the benchmark determined the CDS spreads. However, we show that during the crisis this causality mechanism reversed with the CDS spread leading the bond yields.
The liquidity of the bond market is proxied by the yield bid to yield asked (offered) ratio, which we define as the bond liquidity spread. The liquidity of the CDS market is proxied by the spread bid to spread offered ratio and we define this as the CDS liquidity spread. The risk premia in a given bond market is calculated as the log ratio of the transacted yield on 5 to 10 year debt versus the yield on the equivalent German sovereign debt. We designate this as the bond premia spread. Similarly, for the CDS market we compute the CDS premia spread as the log ratio of the transacted CDS spread on a given Eurozone sovereign debt versus the equivalent CDS spread on German sovereign debt.
We believe that our results are of interest to academics and practitioners and of relevance to policymakers in understanding better the information transmission channels between sovereign CDS and sovereign debt markets. The remainder of the paper is organised as follows. §(2) reviews the literature on bond and CDS market pricing and liquidity. §(3) outlines a model of defaultable bonds and credit derivatives (CDs) in a complete market. §(4) describes our empirical methodology and the data processing used in the study. § (5) contains our analysis of the results and §(6) offers concluding remarks. 
Related Literature
Early studies about liquidity effects have been focused on traditional securities, such as stocks and bonds, for which adequate data is available to proxy or estimate liquidity effects. As a result, the focus of the mainstream literature on liquidity is on these markets, rather than emerging securities such as CDSs.
An eminently sensible standpoint to take is that CDSs are simply a short position in a defaultable bond.
This is an entirely consistent argument in that once protection equivalent to the par value of the underlying bond has been purchased, then the portfolio of underlying and derivative should replicate the risk free rate, as it is a synthetic risk free rate. Following from this argument, the spread on the yield of the defaultable bond over the risk free rate should in effect be replicated by the cost of holding the protectio (i.e. there is a risk premia in holding bonds and under arbitrage free pricing the cost of protection should fully offset this premia). However, recent studies (see, for instance, Calice, Chen and Williams (2010)) suggest that trading strategies in corporate CDS generate far higher returns than the equivalent cost of the premia.
The ability to construct replicating positions by combinations of short and long positions in the defaultable bond, risk free rate and CDS markets is complicated by variations in the underlying liquidity of each market and the non-aligned incentives created by holding one of the three instruments exclusively, e.g. a short naked CDS position. The incentive structure is easy to understand, if an investor is able to create a highly leveraged speculative bet on default (by use of a naked CDS position for instance, which often requires no initial margin). In this situation, it would then be highly desirable to alter the liquidity of the alternatives markets to suit an investor's purposes, (e.g. by withdrawing liquidity from the defaultable bond market and driving up required yields and complicating restructuring of distressed debt).
Manipulation of market liquidity is often the primary mechanism through which speculative attacks are channelled and in this case the object of interest is the bilateral liquidity structure of the sovereign debt market and the sovereign CDS market. A comprehensive survey of this literature is beyond the scope of this study. Thus, we touch upon a few contributions that underpin the prevailing academic perspective on the effects of liquidity, asset prices and credit instruments. Moreover, the results also show a significant relationship between liquidity and the time to maturity as well as credit risk.
A significant growing body of the literature explores the pricing of liquidity on derivative assets and its relationship with bond and equity markets. European CDS market and its relationship with the stock market has been investigated by Norden and Weber (2004), who find that the CDS market is sensitive to equity market movements. Furthermore, CDS spreads are negatively related to stock returns. They also point out that the CDS market has a leading role in price discovery. Buhler and Trapp (2008) examine credit risk and liquidity premium in bond and CDS markets. They show that liquidity in CDS markets exhibits a less explicit behavior and the average liquidity in the sub-investment grade CDS market is higher than the corresponding premium in the investment-grade segment of the CDS market. Zhu (2006) provides a direct confirmation of the relationship between bond spreads and CDS spreads and find that both of spreads change in the same direction in the long-term while in the short-term this correlation is found not identical.
Motivation
In a CDS transaction the buyer makes periodic payments to the seller and in return receives a payoff if the underlying instrument defaults. Another way of viewing this transaction is that the buyer is acquiring the right to protect the notional value of the underlying asset at a particular payment rate (quoted in basis points per fixed amount of the underlying notional).
Credit Default Swaps and Defaultable Bonds in a Complete Market
To build a portfolio of CDS positions, we need to specify the relationship between the quoted spread and the value of the position as a tradeable asset. Moreover, we need to understand how a CDS fits into a complete market of alternative assets. To justify the construction of our nominal returns on a naked CDS contract, we follow an adaptation of the model of Bielecki and Rutkowski (2002) and Bielecki Jenablanc and Rutkowski (2005). Taking our notation scheme from Musiela and Rutkowski (2005), we define a random default time τ on a filtered probability space (Ω, G, Q) with jump process H t = 1 τ ≤t . The associated jump filtration H is generated by this default time process. Furthermore, we define an auxiliary stochastic process with filtration F such that G t = σ (H t , F t ) for every t ∈ R + . For a defaultable claim with promised payoffs X, promised dividends A and recovery process Z, designated (X, A, Z, τ ) maturing at time T , X is an F T measurable random variable, A is an adapted process with finite variation and filtration in F and Z is an F-predictable process. The cash flows of a dividend process D maturing at time T is
where 1 is the indicator function and the premium at t = 0 is considered, by convention, to be equal to zero.
If A t = −κt, for some constant κ > 0, then the price of the CDS is the continuously paid credit default spread or premium. Typically, in a CDS contract the promised payoff, X, is zero and Z is determined in reference to a specific recovery rate, for example 25%. This is represented by
In the event of a default, the remaining promised dividend A t − A t− can be disregarded. Therefore
For an investor purchasing a defaultable claim at t, D u − D t , u ∈ [t, T ] denotes all cash flows received from the defaultable claim over the time frame u. For a risk neutral probability measure Q * , such that Q is on (Ω, G t ), the value of a unit of account B = S k is B t = exp t 0 r u du for a continuous interest rate
t , for i ∈ 1, . . . , k − 1 assets with nominal price S i on a filtered probability space (Ω, G, Q), where Q is the observed measure. Note that this is the complete market with arbitrage free pricing described in Karatzas (1996 Karatzas ( , 2006 . To this setup we add the traded security of a defaultable claim, with price S, by convention considered to be asset zero. We now introduce a process x ∈ R k+1 measured on G representing a trading strategy where x j t is the investment weighting of a j ∈ 0, . . . , k indexed asset held at time t.
Trading Protection in a Complete Market
At time t = 0, one unit of S is purchased at an initial price S 0 and it is held until expiration T . 
As with a conventional derivative, the self financing value of the portfolio is driven by a differential equation,
Therefore, for every t ∈ [0, T ], the nominal wealth is
and the relative wealth is
Bielecki, Jeanblanc and Rutkowski (2005) derive the ex-dividend continuous price process at t ∈ [0, T ] of the defaultable claim as
If we now consider a CDS, with spread κ, this is a defaultable claim (0, A, Z, τ ) where
R is a càdlàg function that represents the protection payment and κ is the CDS spread or premium. Bielecki and Rutkowski (2002) provides a simple model of default where the filtration G = H is generated by a counting process H t = 1 {τ ≤t} . For a survival probability function
where F is a cumulative distribution of the default time τ under Q * , such that G(t) > 0, ∀t ∈ [0, T ]. For our purposes, we will think of a CDS position being rolled over every day. Therefore, we assume that the interest r → 0. From this setup, the ex-dividend price of the CDS is
Hence, the ex dividend price at time t ∈ [s, T ], for a CDS instigated at some time s before t, is
We now present an important definition for the nominal return calculation on a CDS contract with changing spread. The spread κ(s, T ) of a market CDS at the inception of the contract is determined by S s (κ (s, T )) = 0. For the T maturity market spread the value of the contract is the solution to
and therefore for a traded CDS for s ∈ [0, T ], the spread is
The difference v(t, s) = κ(t) − κ(s) represents the calendar spread between s and t and for a rolled over position such that t − s is a short time period where v(t, s) represents the nominal return on the naked only position.
Introducing Liquidity Shocks
In a recent seminal contribution to the literature, Ç etin, Jarrow and Protter (2004) we postulate a stochastic supply curve for both the defaultable claim S(·) and the traded spread κ(·). Let S(t, x, ω) represent the price of the claim for a given order size x ∈ R, for a state contingent outcome as set out previously and summarised as ω ∈ Ω. A positive order, x > 0, is a buy whilst a negative or zero order, x ≤ 0, is a sell or marginal trade. We can appeal to classical microstructure theory such as the multivariate rational expectations model of Admati (1984) and the Bayesian approach of Kyle (1985) to motivate this assumption. In these cases well informed and liquid market makers occupy the market and the recursive outcome of their trading interactions result in supply side dynamics. In effect, the volume traded by strategic traders can only be absorbed by price takers to a certain degree. During crisis periods, the structure of the demand curve steepens (in classical models of continuous time markets the supply curve is assumed to be horizontal).
The assumed properties of the Jarrow and Protter (2005) [pp: [5] [6] ] curve are as follows 1. S (t, x, ·) is an F t measurable and non negative.
2. x → S (t, x, ω) is a.e. t non-decreasing in x.
3. S is C 2 in its second argument,
is continuous in t, and similarly
is continuous in t.
4. S(·, 0) is a semi-martingale.
S(·, x) has continuous sample paths (including time 0) for all x.
We can apply the same supply and demand criterion for κ(t,x, ω) wherex is the quantity demanded for the CDS. The self-financing strategy is a triplet ({X t , Y t : t ∈ [0, T ]), τ , where X t is the defaultable bond account size at time t and Y t is the holding in the non-defaultable reference bond. Similar to the complete market definition of the CDS, τ represents the proposed liquidation time of the whole portfolio. As stated above, we set X 0− ≡ Y 0− ≡ 0 and X T = 0. Setting up a self-financing strategy that generates no cash flows in [0, T ), implies that the investment in the money market account Y t is determined entirely by X t , τ . This is an important property in the case of CDS contracts, because under the frictionless condition, a completely protected portfolio should perfectly replicate the risk-free rate. Therefore, in the presence of liquidity risk the only variation between the perfectly protected portfolio and the risk free rate is the price of liquidity of the defaultable bond. This should be cancelled out in any protection direction by the value of the liquidity of protection. Following Jarrow and Protter (2005), the self financing position of the trading strategy is
where
, τ , and X t is right continuous and left limited (càdlàg) with finite quadratic variation, such that ([X, X] T < ∞). Therefore, as discussed previously, we allow continuous combinations of the complete market. Under the assumption of a perfectly elastic supply curve, the mark to market value of the portfolio of the strategy (X, Y, τ ) is Y t + X t S(t, 0). From this setting, the liquidity cost is derived by Jarrow and Protter (2005) as
We now formulate two assumptions. First, the market for the benchmark non-defaultable instrument has a perfectly elastic supply curve. Second, the market for protection, traded by quoting κ(t), has a C 2 stochastic supply curve (i.e. a cost in trade size, but not for the transaction).
Speculating on Liquidity Risk
In this section we consider the implications of this market structure. Let us consider a portfolio Π (t) = S (t) + β(t)Λ (κ (t)), that is held per X t of S(0, X 0 ). Suppose β(t) to be the hedge ratio in CDS that exactly offsets all default risk in S(t, 0). Under the complete market theorems stated earlier, the value of the portfolio is
However, liquidation risk implies that the value of Π(t) be supplemented by a liquidity premium
In this simplified setting it easy to see that the value of S(t, ·) and κ(t) are related by equation 10 . This implies that the liquidity cost of being short in the CDS market should exactly replicate the cost of −X t lots of being long in the defaultable bond market. Jarrow (2006) suggests the multi-asset portfolio does not have a trivial and computational adjustment.
Implications
1. In a complete market, the liquidity spread on CDSs should be correlated to approaching unity.
2. If the supply and demand curve schedules are unknown, the relationship between the joint liquidity on both the bond and CDS market is uncertain (can be positive or negative correcting for the relative supply and demand slopes in each market).
3. Assuming the supply curve is stochastic and similarly time varying in expectations relative to F , then the correlations between the liquidity profile and the spreads and the subsequent premia dynamics will be affected in different ways at different times dependent on an unknown and stochastic supply curve.
This has a direct implication for the empirical modelling of the discovery dynamics. Consider an empirical price discovery model
where r * t = r s t − r f is the traded yield on S(t), κ s t is the quoted spread on CDS protection on the bond and σ(·) is a multivariate stochastic volatility function. For two liquidity measures λ s t and λ κ t proportional to the slope of the supply curve at S(t, 0) and κ(t, 0), the functions f , g will be determined by the supply and demand profiles and as such a random process in ω.
Methodology and Data
Using a simple model of bond and CDS dynamics we have demonstrated that a) liquidity premia are stochastic and dependent on the unobserved supply and demand schedules of the relative markets; b) the covariant relationship between spreads is most likely to be driven by differential supply and demand profiles in each market. To investigate the relative dynamics we employ a vector autoregression with contemporaneous liquidity and time varying coefficients estimated by recursive re-weighted and iterated least squares procedure.
Data
Data is sourced from Thomson-Reuters Tick History. Sovereign bond data is collected using the 'Super RICs' or Reuters Information Codes described in Table 2 . The super RICs collect all trades on instruments in the tag range set by the code. We collect all traded sovereign bonds with a maturity of between 5 and 10 years for the countries selected in the sample. Originally all Eurozone countries were included in the sample. However, to obtain a sample with a reasonable long history for the CDS market and truncation of the sample at January 1, 2007 requires us to exclude some of the smaller countries from the sample.
Bond Data
We collect the tick by tick quotes and trades on sovereign bonds from January 1, 2007 to August 12, 2010, resulting in a full sample consisting of 943 trading days. For the quotes and trades we compute the bid yield, the ask yield and the transacted yield. The frequency of the time series analysis is driven by the tick updates from the CDS market, which is often very sparse at points during the day. We therefore aggregate the intraday ticks to a daily frequency. We stratify them by bond maturity (i.e. closest to 5 years and closest to 10 years) and compute the logarithmic average spread of the transacted bond yields for each country over the equivalent German bond. Next, we aggregate the yield bid and ask to compute the average logarithmic daily liquidity spread for the 5 to 10 year sovereign bonds, again equally weighted over maturities.
CDS Data
The CDS data is pre-aggregated on a daily basis by Thomson-Reuters and CMA. Some of the transaction data is available, although this is a small fraction of the total daily OTC trades. To obtain a complete overview of the 'true' liquidity of the market, CDS data needs to be extracted from various over the counter (OTC) sources. Thomson Reuters provides access to these data through the Tick History system and DataStream at the daily frequency, using the super RIC codes, outlined in Table 2 . Table 3 presents the complete list of OTC sources used to compile these daily statistics. The CDS data is divided into three parts: the spread offered (asked), spread bid and spread transacted. To proxy for CDS market liquidity, we compute the logarithmic ratio of the daily average spread bid to the spread offered. To compute the risk premium then we compute the log ratio of the daily average transacted spread for each sovereign CDS relative to the transacted CDS spread using German bonds as a benchmark. For the bond data we are able AUSTRIA  AT5YT=  AT10YT=  ATGV5YUSAC=  ATGV10YUSAC=  OEGVTS5  OEGVTSX  BELGIUM  BE5YT=  BE10YT=  BEGV5YUSAC=  BEGV10YUSAC=  BGGVTS5  BGGVTSX  FRANCE  FR5YT=  FR10YT=  FRGV5YUSAC=  FRGV10YUSAC=  FRGVTS5  FRGVTSX  GERMANY  DE5YT=  DE10YT=  DEGV5YUSAC=  DEGV10YUSAC=  BDGVTS5  BDGVTSX  GREECE  GR5YT=  GR10YT=  GRGV5YUSAC=  GRGV10YUSAC=  GRGVTS5  GRGVTSX  IRELAND  IE5YT=  IE10YT=  IEGV5YUSAC=  IEGV10YUSAC=  IRGVTS5  IRGVTSX  ITALY  IT5YT=  IT10YT=  ITGV5YUSAC=  ITGV10YUSAC=  ITGVTS5  ITGVTSX  NETHERLANDS  NL5YT=  NL10YT=  NLGV5YUSAC=  NLGV10YUSAC=  NLGVTS5  NLGVTSX  PORTUGAL  PT5YT=  PT10YT=  PTGV5YUSAC=  PTGV10YUSAC=  PTGVTS5  PTGVTSX  SPAIN to supply the full descriptive outline for the cleaning procedures. Note that unfortunately we are unable to supply this information for the CDS market due to data vendor restrictions.
Econometric Specification
A serious issue that arises when dealing with interest rates related data is that is commonly found to be near integrated. However, there is a substantial empirical evidence to suggest that structural breaks play a role in the excessive failure to reject the null of a unit root. The nature of potential structural breaks in bond yields data is unclear. For instance, crash breaks as proposed in Perron (1989) are typically changes in intercept. Yet, a fundamental change in the liquidity dynamics of a country's bond markets (particularly, during a financial crisis) may reveal itself in a very different manner. To capture this potentially time varying effect, we propose and implement a recursive and iterated coefficients model. The obvious alternative to this least squares approach would be the adoption of a state space model to generate a fully random stochastic vector that describes the evolution of the coefficients. Experimentation with such models has yielded mixed results. First, we have found in preliminary data analysis that operating at the daily frequency reduces our sample and results in critical issues such as computing correct standard errors and general over fitting. The bond data is sourced from Thomson-Reuters. Ticks are the number of quotes and transactions (they are collected as a 3-tuple bid yield, ask yield and a corresponding nearest time after transaction yield) included in the dataset for each country. Zero yields reports the number of ticks which have been removed because one of the three data items is reported as a zero (in this case exactly equal to zero to 5 decimals, as during 2008 the yield on certain bonds declined towards zero). Corrupted ticks are the number of ticks removed because either the yield is not a number or the time stamp is incongruous with the surrounding time stamp or a negative bid ask spread. Rogue ticks are those quotes removed because they are 800% greater or smaller than the daily median quote using a logarithmic proportion. It is interesting to note the lack of informative ticks for Belgium and France. We are assured by the data vendor that all informative ticks have been utilised and comparison with a short Bloomberg sample of yield data does suggest that Belgium and France have indeed less informative updated ticks for the 2009-10 period. We ascribe this to the relatively benign state of the French and Belgium sovereign debt markets as the overall value of bonds transacted is, GDP adjusted, very similar (source Markit). Greece by contrast has a relatively low tick update frequency prior to 2009, but this significantly increases during the crisis period. Despite the low number of ticks for France and Belgium, this still averages nearly 1,000 updated ticks per day with matched bid, ask and transacted yields. Use of a higher frequency data set is difficult as the CDS market is plagued, in its early phases, by intraday stale prices and very high levels of microstructure contaminants and broken transaction information (missing volumes and bid-offer information). Consequently, we propose an augmented multivariate least squares regression estimator that explicitly accounts for heteroskedasticity and autocorrelation and has a single simple bandwidth parameter that dictates the memory of the model and is easily optimised using maximum likelihood or some other penalty function approach (for example, the Diebold and Mariano (1996) approach or the recursive Giacomini and Rossi (2010) forecast breakdown). Figure 1 illustrates the estimation procedure of the model over the sample period. For a sample of size N , an initialisation period t 0 , t I is selected. Over this period, we use an approach in which we estimate a standard recursive coefficients model with increasing sample size. Once the recursion has moved beyond t I , the model data is weighted using a kernel function k(·). For most kernels this weighting results in a natural truncation at lag length T . For instance, using an exponentially weighted moving average, the lag length for 99% of the sample weight is T = log 0.01 log 1−α . Alternatively the weighting could be chosen equal over an arbitrary rolling window T . This is subject to the discretion of the econometrician. From time t T onwards, the model is estimated over a rolling sample window equal to t − T, t.
To capture the time varying spillover effect between the bond and the CDS market, for each country we 
We postulate the following TV-VARX model
We estimate the model by using recursive and iterative least squares as follows. First, we rewrite 25 as a system of time varying equations y 1,t = β 1,0,t + β 1,1,t y 1,t−1 + β 1,2,t y 2,t−1 + β 1,3,t x 1,t + β 1,4,t x 1,t + u 1,t (26) y 2,t = β 2,0,t + β 2,1,t y 1,t−1 + β 2,2,t y 2,t−1 + β 2,3,t x 1,t + β 2,4,t x 1,t + u 2,t (27) Collecting the coefficients into a time varying parameter matrix B t = [b 1,t , b 2,t ] where
as illustrated previously the model runs recursively for an initialisation period and is then estimated over a rolling sample of size T . The data is gathered into rolling matrices X t and Y t , with rows
Therefore
For each time step, the estimated time varying coefficient matrixB t is computed using an iteratively reweighted least squares approach. First, the data matrices X t and Y t are element by element weighted using kernel weights H x and H y . In the simplest case, these are equivalent sized matrices of one. Alternatively, the matrices can be weighted using a linear decay or exponentially weighted decay. The first iteration of B i,t is computed by ordinary least squareŝ
where • is the Hadamard product and the kernel weighted
the diagonal elements of the outer product are collected. The iterative weighting, W i , is computed in the
. The updated WLS is noŵ
Once again, (35) for some prior sample point t < t (see Muirhead (1981) or Ledoit and Wolf (2003) for more details).
Inference is constructed using a Chow style adjustment for the estimated parameters. The discretion of the econometrician is in choosing the minimum size of the proportion of the sample between t , t and m. In our case, we select a value of 10%. We sample all daily candidate break points from the first 10% to the last 10% of the sample. Table 6 presents the date of the last break point and the parameters of the static VARX model estimated over the sample period.
Analysis
The following results correspond to the coefficient plots presented in Figures B.14 to Figure A. 10. The plots are presented in eight quadrants. For space reasons, we do not plot the constants. These are available on request, along with the evolution of the conditional covariance matrix from the TV-VAR models. The plots are arranged such that they report the evolution of β 1,1,t (top left) to β 2,4,t (bottom right). Each plot presents the coefficient and the 2 standard error bounds. The plots are organised as follows:
-The plot labelled β 1,1 is the coefficient that transmits information from the lag of the bond spread (XBDY t−1 ) over its benchmark to the current bond spread over benchmark (XBDY t ).
-The plot labelled β 1,2 is the coefficient that transmits information from the lag of the CDS spread (XCDS t−1 ) over its benchmark to the current bond spread over benchmark (XBDY t ).
-The plot labelled β 1,3 is the coefficient that transmits information from the current liquidity of the bond market, measured by yield bid to yield offered (BDY BA t−1 ), to the current bond spread over benchmark (XBDY t ).
-The plot labelled β 1,4 is the coefficient that transmits information from the current liquidity of the CDS market, measured by spread bid to spread offered (CDSBA t−1 ), to the current bond spread over benchmark (XBDY t ).
• Second Equation:
-The plot labelled β 2,1 is the coefficient that transmits information from the lag of the bond spread (XBDY t−1 ) over its benchmark to the current CDS over benchmark (XCDS t ).
-The plot labelled β 2,2 is the coefficient that transmits information from the lag of the CDS spread (XCDS t−1 ) over its benchmark to the current CDS over benchmark (XCDS t ).
-The plot labelled β 2,3 is the coefficient that transmits information from the current liquidity of the bond market, measured by yield bid to yield offered (BDY BA t−1 ), to the CDS spread over benchmark (XCDS t ).
-The plot labelled β 2,4 is the coefficient that transmits information from the current liquidity of the CDS market, measured by spread bid to spread offered (CDSBA t−1 ), to the CDS spread over benchmark (XCDS t ).
We interpret the magnitude of the coefficients as being the level of information conveyed between the variables in the model. The system contains lagged and contemporary regressors and is therefore a VARX model. We have also computed the eigenvalues of the time varying matrix
The results for all countries suggest that the conditional models exhibit some non-stationary properties over the sample period.
Results by Country
We first summarise our results by country and then draw some more overarching conclusions about the structure of the information transmission mechanism.
Austria
The first equation shows that the lagged transmission coefficient tends to unity for the majority of the sample. However, the lagged coefficient decreases marginally (but significantly) below unity for parts of The evolution of the liquidity coefficients also tell us an interesting story. The evolution of β 1, 3 shows that the second most important coefficient (in terms of magnitude) for the early part of the pre crisis sample is the liquidity of the bond market. However, after 2009, the liquidity of the CDS market becomes far more important in transmitting information to XBDY t . This is a significant result as it shows that the contemporary liquidity of the sovereign CDS market has a substantial impact on the sovereign debt spread over the benchmark, even for a relatively healthy country (see Table ? ?) such as Austria. Generally the Austria results suggest that the influence of the CDS market (both in the risk premia and the liquidity structure) has increased over the bond market over the sample period. Note that the most interesting aspect is the change in the influence of the liquidity of the CDS market. Yet, the converse is not really observed. In fact, whilst the key driver of the CDS spread used is the bond spread, this then declines and the CDS process appears to tend toward an independent unit root process.
Belgium
The pattern of the information structure for the sovereign bond and CDS spreads of Belgium is very similar to the Austrian sovereign bond and CDS spreads. However, we are able to identify notable characteristics.
The information structure, captured by the first equation, indicates that the Belgian bond spreads (XBDY t )
are highly integrated, with a first order autoregression with high persistence β 1,1 → 1. However, we observe a sharp drop in mid 2007 that appears to be explained by the contemporaneous liquidity (BDY BS t ) of the bond market, whose coefficient (β 1,3 ) spikes during that period. The influence of the Belgian sovereign CDS market on the bond spread grows over time. However, this influence does not remain consistent over time.
For instance, the coefficient on XCDS t (β 1,2 ) jumps to 0.08 during 2009, then falls to -0.04 before rising again to around 0.08. Meanwhile, the coefficient on CDSBA t (β 1,4 ) decreases substantially to -0.3 as the influence of the XCDS t drops. This finding is important since it suggests that during 2009 the liquidity of the CDS market was more important that the actual spread of the CDS market over the benchmark.
The second equation, which explains the information transmission mechanism for Belgian sovereign CDS spreads over the equivalent German sovereign CDS spreads, reveals that XBDY t has little impact on the CDS spread after 2008, i.e. the bond market does not lead the CDS market. Interestingly the autoregressive coefficient on the Belgian sovereign CDS (β 2,2 ) is significantly less than one for most of the sample. We can also see that the coefficient on CDSBA t , (β 2,4 ) is negative for most of the sample, i.e. as illiquidity increases, so does the spread over the German benchmark. Towards the end of 2010, this effect seems to dissipate. However, the history of the coefficient indicates that a fluctuation back to this negative position is entirely possible.
The evolution of the Belgian coefficients suggest that the liquidity of the Belgian CDS market does play an important role in the price formation mechanism for the CDS spreads and, in turn, the CDS spread has a prominent influence in the price discovery mechanism of the sovereign bond yield spread over the German benchmark.
France
Several striking features emerge immediatiately when analysing the evolution of the coefficients for the model estimated on the French data. First, that XCDS t for France is primarily driven by a unit root in itself, i.e. β 1,1 → 1 for almost the entire sample. There are long periods where the dominant driver in the CDS price discovery mechanism is the liquidity component of the CDS market. For other periods, however, the coefficient on the lag of the returns is generally less than one, suggesting that shocks to XCDS t are not as persistent as shocks to XBDY t . The liquidity effect is of remarkable magnitude, as it appears that the liquidity of the CDS market plays an important role in determining the price of the CDS spread and in turn this affects, albeit to a lesser degree than in other markets, the spread on French sovereign debt over the German benchmark.
Greece
The evolution of the Greek coefficients is indicative of the narrative that has been presented on the Greek sovereign debt crisis (see ??). The first interesting observation is that for the first equation the coefficient on XBDY t−1 remains near unity for virtually the whole of the sample period suggesting that the primary driving process of the bond spread is a unit root in itself. We can also see that β However, the primary driver of the evolution of XCDS t is the autoregressive coefficient on XCDS t−1 , with substantial input from CDSBA t , as the coefficient is almost always less than -1 and statistically distinguishable from zero for the majority of the sample. It appears that the influence of the liquidity of the CDS market does begin to vanish in the latter part of 2010.
It is evident that there is some permeation from the CDS market into the Greek sovereign debt spread over the German benchmark, but the primary stochastic trend is driven by the sovereign debt market itself and not directly from the CDS market.
Ireland
In the case of Ireland, the first equation explaining the information structure of XBDY t suggests that the autoregressive coefficient on XBDY t−1 has exploded to around 1.2 after 2010, suggesting that the discount rate on Irish sovereign debt has reached a critical level in late 2010, with a coefficient greater than unity.
Interestingly, the CDS market appears to be acting as a break on the sovereign debt market as the coefficient dives to -0.2 as 2010 draws to a close. Importantly, this finding appears to be at odds with a growing body of anecdotal evidence which suggest that speculation in the CDS market has accelerated the increase in the yield spread over the benchmark. The information structure in the model suggests that this is not the case.
The second equation for Irish CDS spreads over benchmark indicates that the information structure of the CDS market is primarily driven by a mixture of the lagged spread and the liquidity of the market. Here, Overall, for Ireland, there is no indication that the CDS market is leading the sovereign debt market during the crisis. In addition, we find very little evidence that the liquidity of the CDS market has any statistically significant impact (other than slightly reducing the spread during part of 2009-2010) on XBDY t .
In view of this evidence, we conclude that the primary driver of XBDY t is the information content of the debt market itself.
Overall Results
Our results above suggest that those members of the Eurozone most affected by the sovereign debt crisis,
i.e. Greece, Ireland, Portugal and to some extent Spain, have a very different information transmission structure from the remaining Eurozone countries in our sample. First, it appears that for Greece, Ireland and Portugal the primary information driver in the sovereign debt spreads is the sovereign debt market itself and not the CDS market. This is a striking result, as it counters outspoken criticism of the CDS market by politicians in Greece, Ireland and Portugal that manipulation of the CDS market (see §(??)) has eroded confidence in the sovereign debt market. However, for countries such as Netherlands, France and Italy, the CDS market does play a substantial role in the price formation mechanism for sovereign debt.
Our estimations show that price discovery in this market is primarily driven by the liquidity of the CDS market. Therefore rises in yields on this debt could be the direct result of manipulation of the liquidity structure of the CDS market and are not driven solely by the sovereign debt market. Additionally, it should be noted that we observe some substantial fluctuations in the model coefficients in both the sovereign debt and sovereign CDS equations. The issue that arises for Eurozone members not in substantial difficulty in terms of their public finances is that the CDS market does appear to be a channel that can drain liquidity from both the CDS and debt markets and lead yields spreads to important deviations from equilibrium.
These deviations could then lead to runaway yield increases, as we see in the case of Ireland where the autoregressive coefficient exceeds unity, suggesting an explosive process has taken hold within the sovereign market.
Conclusions
We have outlined a theoretical model of cross liquidity in parallel markets and estimated a time varying vector autoregression to elucidate the impact of this cross liquidity effect on the Eurozone sovereign debt and CDS spreads during the recent crisis. We find little evidence to suggest that there was any causation in the explosive bond spreads between the CDS and the sovereign debt market for the most seriously affected countries (Greece, Portugal and Ireland). However, for countries such as France, The Netherlands, Austria and Belgium we do see significant transmission of information between the lagged coefficients on the CDS market and the contemporaneous bond and CDS liquidity spreads. This indicates that the CDS market did play a role in determining the yield spreads in the sovereign debt market as the crisis continued into 2010.
This does indicate that policy makers should be aware of the impact o the CDS market on the sovereign debt market. However, any outright regulatory intervention should be weighed against the positive role that the CDS market played in reducing the Irish sovereign spreads in the latter part of 2010. XBDY is the average transacted logarithmic bond yield ratio for a given day for a 5-10 year sovereign bond over equivalent maturity matched German sovereign bond. XCDS is the average transacted logarithmic CDS spread ratio for a given day for 5-10 year sovereign CDS spread over equivalent maturity matched German sovereign CDS. BDYBA is the average of the daily tick yield bid to yield ask logarithmic ratio for 5-10 sovereign bonds. CDSBA is the average of the daily tick yield bid to yield ask logarithmic ratio for 5-10 sovereign CDS. Note that zero (0) without decimal places indicates that spread bid to spread ask were recorded as being identical. All negative bid ask spreads are excluded as corrupted observations. XBDY  943  943  943  943  729  943  943  943  943  XCDS  943  943  943  943  943  943  943  943  943  BDYBA  943  943  943  943  729  943  943  943  943  CDSBA  943  943  943  943  943  943  943  943  943 Exc. 
